The SAGE (serial analysis of gene expression) method is sensitive at detecting the lower abundance transcripts. More than a third of human SAGE tags identified are novel representing the low abundance unknown transcripts. Using the GLGI method (generation of longer 3' EST from SAGE tag for gene identification), we converted 1,009 low-copy, human X chromosomespecific SAGE tags into the 3' ESTs. We identified 3,418 unique 3' ESTs, 46% of which are novel and originated from the lower abundance transcripts. However, nearly all 3' ESTs were mapped to various regions across the genome but not X Chromosome. Detailed analysis indicates that those 3' ESTs were isolated by SAGE tag mis-priming to the non-parent transcripts. Replacing SAGE tags with non-transcribed genomic DNA tags resulted in poor amplification, indicating that the sequence similarity between different transcripts contributed to the amplification. Our study shows the prevalence of novel low abundance transcripts that can be isolated efficiently through SAGE tags mis-priming.
Introduction
Transcripts are the functional carriers of genes. Transcript isolation is essential for gene identification and for functional study of genes. The abundance of different transcripts can vary over a million-fold [1] [2] [3] [4] . The higher abundance transcripts tend to be from a limited number of genes with housekeeping functions, while the lower abundance transcripts tend to be from most of the genes with specialized functions. Isolation of full sets of transcripts expressed from a given genome, regardless of abundance, is an ultimate goal in transcriptome studies.
Transcript isolation has been highly successful during the last decade. For example, the largescale human EST collection has isolated over 7 million ESTs from the human genome [5-7. http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html). However, recent evidence shows that novel, low-abundance transcripts are widely present in yeast, fly, mouse, rat, Arabidopsis, rice, and human [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , indicating that the transcriptome is far more complex than thought [18] , and transcript identification is far from complete, even in these extensively characterized model genomes.
The approaches used for large-scale transcript identification include the EST approach that detects transcripts with several hundred bases [5] [6] [7] and the SAGE approach that detects transcripts with 10-20 bases [19] [20] . Over 7 million copies of human ESTs and 20 million copies of human SAGE tags have been isolated (http://www.ncbi.nlm.nih.gov/projects/SAGE/). While novel transcript identification by the EST approach has decreased dramatically [14] , the SAGE approach continues to detect more low abundant transcripts due to its high sensitivity [21] . However, SAGE provides only short sequence information for the detected transcripts.
Identification of the original transcripts with longer sequence information will be essential for annotation and functional studies. In this study, we used the GLGI method to convert over a thousand human X chromosome-specific SAGE tags into the 3' ESTs with the primary aim of identifying the novel transcripts from X chromosome. While nearly half of the isolated 3' ESTs are novel, most of the 3' ESTs represent the transcripts from non-X chromosomes. Further analysis reveals that those 3' ESTs were isolated by SAGE tags through mis-priming mechanism. Here we report the details of the study.
Materials and methods

SAGE data analysis
Experimental 10-base SAGE tags and 17-base long SAGE tags were downloaded from NCBI G E O ( h t t p : / / w w w . n c b i . n l m . n i h . g o v / g e o / q u e r y / a c c . c g i ? a c c = g p l 4 , human genomic SAGE tag reference database was constructed by extracting 10-bases and 17-bases after all CATG and before CATG (reverse complementary) using the human genome sequences (NCBI 34). All novel SAGE tags were mapped to the genomic tag reference database to identify those specifically mapped to the human X chromosome.
Conversion of SAGE tags into 3' ESTs
Each X chromosome-specific novel SAGE tag was used to design a primer with sequences CAGGGACATGxxxxxxxxxx, where CAGGGA is used to increase the length of the primer, CATG in the SAGE tag is the NlaIII restriction site used for releasing SAGE tags from cDNA templates, and xxxxxxxxxx is the 10-bp SAGE tag sequence. RNA samples from brain and placenta tissues (Stratagene, La Jolla, CA) were treated by using DNase I digestion to eliminate potential genomic DNA contamination, and the purity of digested RNA samples was tested by PCR amplification of the beta-actin gene (GenBank ID NM_001101) using sense primer Kim et al.
GGACTTCGAGCAAGAGATGG and antisense primer AGCACTGTGTTGGCGTACAG that span the intron 4 of the beta-actin gene. The amplified genomic DNA will be 329 bp, and the amplified mRNA will be 234 bp.
GLGI reactions were performed to convert SAGE tags into 3' cDNAs following the procedures described previously [22] [23] . Briefly, mRNAs were purified from total RNA samples using oligo (dT) 25 City, CA), and sequences were collected in an ABI 3730XL DNA sequencer using Phred20 as the cut-off. Only the sequences containing the SAGE tag-based sense primer in the 5' end and the polyA tail at the 3' end were considered as the qualified 3' ESTs. The same sequences originated from the same sense primer were combined as a unique sequence. Poly A signals were identified in each sequence by searching the poly A signal sequences AATAAA, ATTAAA AATTAA, AATAAC, AATAAT, AATACA, ACTAAA, AGTAAA, CATAAA, GATAAA, and TATAAA upstream 100 bps from the 3' end of each sequence [24] .
Confirmation of 3' ESTs by using RT-PCR
Sense primer and antisense primer were designed based on each selected 3' EST sequence to generate the amplicons between 100 to 300 bases. One hundred ng of brain or placenta total RNA were used as the templates for cDNA synthesis. For antisense confirmation, cDNA was synthesized by using each antisense primer, and PCR was followed by adding each sense primer. Conditions for PCR amplification were 35 cycles of 94°C for 30 sec, 60°C for 30 sec (50 0 C was set for DR978181), and 72°C for 1 min, and then extended at 72°C for 7 min. PCR products were checked on 1% agarose gels.
Estimation of the abundance of the identified transcripts by using real-time PCR
The same sequences and primers used for RT-PCR confirmation were used for real-time PCR.
The reactions were performed following the manufacturer's protocol (Stratagene, La Jolla, CA).
Briefly, first-strand cDNA was synthesized by using oligo dT [12] [13] [14] [15] [16] [17] [18] 
Control experiments using genomic tag primers and random primers
Genomic DNA sequences of 14-bps were extracted from the non-repetitive genomic regions in the human X chromosome (NCBI 34) that are free from known genes, mRNAs, and ESTs. The 14-bp sequences were filtered through the SAGE tag databases (GPL4 and SAGEmap 187) to exclude any that match existing SAGE tags. Those without matches were used as the sense primer. Six bases (CAGGGA), as used in the SAGE tag-based primers, were added to the 5' end of each primer to increase the length to 20 bp. The same universal primer, placenta and brain 3' cDNAs used in the GLGI were used for the reaction. For random priming PCR, the random primers CAGGGACATGnnnnnnnnnn were designed so that CAGGGACATG used in the SAGE tag-based primers was added to the 5' end to reach the length of 20. The same placenta and brain 3' cDNAs used for the GLGI reactions were used as the templates for the reaction.
Match 3'-ESTs to the known human transcripts
Each 3'-EST was searched in known human mRNAs in RefSeq database ( f t p : / / f t p . n c b i . n i h . g o v / r e f s e q / H _ s a p i e n s / m R N A _ P r o t / ) a n d E S T s (ftp://ftp.ncbi.nih.gov/repository/dbEST/). If the 3'-EST could align with any mRNA or EST with over 95% identity with 90% coverage, the 3'-EST was annotated as "known". Otherwise, it was defined as "novel". Each 3' EST was also matched to the trEST database that contains the predicted human transcript contigs based on UniGene and the EMBL databases [25] [26] . E value 1.0e-15 was used as the cut-off to divide the matched ones from the unmatched ones [27] . When we compared 3'-EST with trEST and trGEN, we separated 3'-ESTs into five classes: a) known transcript, which the 3'-end of 3'-EST matches less than 10 bp upstream of 3'-end of transcript in database, or the 3'-end of transcript in database matches less than 10 bp upstream of 3'-end of 3'-EST; b) 3'-end shortened transcript, which the 3'-end of 3'-EST matches more than 10 bp upstream of 3'-end of transcript; c) 3'-end extended transcript, which the 3'-end of transcript in the database matches more than 10 bp upstream of 3'-end of 3'-EST; d) other alternative transcript, which are those 3'-ESTs that match transcript in the database with e-value lower than 1.0e-15 but don't belong to any of the above classes; e) unmatched 3'-ESTs.".
Map 3'-ESTs to the human genome
Each 3'-EST was mapped to the human genome by using BLAT with the default parameter settings (NCBI 34). The 3' ESTs that could not be mapped by BLAT were mapped by BLASTN
with the e-value cutoff as 1.0e-1. For fine genomic mapping, we extracted the mapped genomic DNA sequence, and ran the global alignment program ALIGN (from FASTA package) to align the 3'-EST with the corresponding genomic DNA sequences to calculate the global sequence identity. A mapping was determined if more than 90% of a 3'-EST mapped to the genome, and the identity between genomic DNA and 3'-EST was at least 90%. In case of multiple mapped regions, only those with a BLAT or BLAST score no more than 0.5% lower than the score of the best-mapped region were kept, which is the cut-off value used in the human genome browser (http://genome.ucsc.edu/). The 3'-ESTs with more than five mapped loci in the genome were excluded for further analysis. The immediate downstream region of the mapped genomic region was checked to identify potential genomic poly-A sequences. A 3'-EST was marked as "internal poly A priming" if more than eight continuous As were located within the 20bp downstream flanking region [28] . Using the annotated RefSeqs and mRNAs in the mapped regions, we classified each mapped 3' EST into the "Intergenic" or "Intragenic" group. The "Intragenic" group was further classified into "sense" and "antisense" subsets. The "sense" includes "known", "intronic" (completely mapped in a single intron), "extended 5' end" (extended more than 10 bp upstream of the annotated 5'-end), "extended 3' end" (extended more than 10 bp downstream of the annotated 3' end), "shortened 3' end" (the 3'-end of a 3'-EST maps more than 10 bp upstream of the annotated 3' end), "cross-conjunction" (the 3'-EST overlaps the exon-intron conjunction), and "antisense" (the 3'-EST maps to the reversed orientation of annotated gene).
Genes mapped to the "intergenic" region were classified into the "known" subset (with EST information) and "novel" subset (with no known transcript information).
Results and Discussion
SAGE data analysis
Three sets of data were used for the analysis, including 1) the experimental human SAGE tags that represent the human transcripts detected by SAGE; 2) the reference human SAGE tags extracted from well-annotated mRNAs and ESTs that represent the known human transcripts detectable by SAGE [29] ; and 3) the reference human genomic tags extracted from the human that matches a reference SAGE tag and a reference genomic tag implies that this SAGE tag is originated from a known transcript expressed from the genome; an experimental SAGE tag that has no match to reference SAGE tag but maps to genomic tag implies that this SAGE tag is likely originated from a novel transcript expressed from the genome; an experimental SAGE tag that has no match to reference SAGE tag nor maps to genomic tag implies that the SAGE tag is potentially an artificial tag generated by experimental errors. The actual number of novel transcripts should be higher than that of the novel SAGE tags, based upon the following considerations. Many low abundance transcripts are below the threshold of SAGE detection; a third of the standard 10-base SAGE tags are shared by different transcripts [30] ; transcripts lacking the NlaIII site for tag releasing are not detected by SAGE;
and certain SAGE tags excluded from this analysis might be from true novel transcripts.
Conversion of human X chromosome-specific SAGE tags into 3' ESTs
By searching human SAGE data, we identified 1,009 novel SAGE tags that do not match known human transcripts but map solely to the genomic sequences of the human X chromosome. All these novel SAGE tags have low-copies in their original SAGE libraries. Using the GLGI method, we converted these SAGE tags into 3' ESTs using RNA samples from brain and placenta. By sequencing 12 clones per GLGI reaction, we obtained 13,824 raw sequences.
After excluding unqualified sequences and combining redundant sequences, we identified 3,418 unique 3' ESTs, each of which contains the original SAGE tag at its 5' end and polyA tail at its 3' end (Table 1A) . A total of 945 of the 1,009 SAGE tags (94%) contributed these final sequences (Table 1B) . The 3,418 3' ESTs have been deposited in GenBank with accession numbers from DR977574 to DR980991.
Confirmation of the isolated transcripts
To verify that the isolated sequences were not from contaminated genomic DNA but rather from transcripts, we performed PCR to test the RNA samples by using the sense and anti-sense primers that span an intron of the beta-actin gene. No genomic DNA signal was detected in the RNA samples treated after RNase A. Therefore, the isolated sequences likely originated from RNA rather than genomic DNA contamination ( Figure 2A ). We then used RT-PCR to verify the isolated transcripts. Sense and antisense primers were designed based on each selected 3'
EST (Supplementary table 1) , and RNA samples from brain and placenta were used as the template. To confirm the antisense sequences, cDNA was synthesized by using each antisense primer for PCR amplification. Of the 30 selected 3' ESTs, 28 were detected, including all 5
antisense sequences detected in both RNA samples, 18 sense sequences detected in both RNA samples and 5 sense sequences detected in either RNA sample ( Figure 2B ). The positive detection reveals that most of the detected transcripts were indeed present in the RNA sample.
Those two negatively detected 3' ESTs might be related with the poor amplification efficiency of the primers.
Estimation of the abundance of isolated transcripts
We used real-time RT-PCR to estimate the abundance of the same 30 isolated transcripts used for RT-PCR confirmation (Supplementary Table 1 ). The beta-actin transcript was used as the reference that was expressed at high abundance levels in both brain and placenta tissues (721 out of the total 63,208 SAGE tag copies in the brain SAGE library and 1,141 out of the total 118,083 SAGE tag copies in the placenta SAGE library). Of the 30 selected sequences, 29
(except DR978181) were detected in both placenta and brain RNA samples. All 29 in the placenta and 28 in the brain (except DR979502) were detected after the beta-actin signal ( Figure 3A ). The abundance of these transcripts covered several orders of magnitude and most were lower than that of beta-actin; DF979332 had the lowest abundance ( Figure 3B ).
Transcripts not visible in gel by regular RT-PCR at 35 PCR cycles ( Figure 2B ) were detected by real-time PCR at 45 cycles, suggesting very low abundance levels for no. 6, 16, 17, 22, 23 in both placenta and brain, 28 in placenta, 19, 24 and 30 in brain.
Annotation of the isolated transcripts
We compared the 3' ESTs to the known human transcripts. The results show that 46% of the 3,418 unique 3' ESTs represent novel transcripts not identified so far (Table 2 ). This rate is significantly higher than the less than 5% novelty in large-scale EST collection [14] . We mapped the 3' ESTs to the human genome to determine their genomic origins (Table 3) . Of the 3,418 3' ESTs, 2,503 are directly mapped to 2,630 loci in the genome, including 2,408 mapped to non-X chromosomes, 89 mapped to X-chromosome and 6 mapped to both X and non-X chromosomes. Of the mapped loci, 28% are at the intergenic regions without annotated genes.
Although 72% map to the intragenic regions, 24% are in the antisense strand, 7% of which are novel antisense transcripts. For the 47% mapped to the sense strand of the intragenic regions, 21% map precisely to the annotated 3' end of the known genes, while the rest map as "intronic,"
and different spliced variations. In total, 60% of the 3' ESTs provide various degrees of novel transcriptional information for these mapped loci. For the 915 3' ESTs that do not map to the genome, some may represent the transcripts after complex splicing processes.
We also compared 915 3' ESTs which cannot be matched to genome with the predicted transcript contigs in the trEST database and whole genome transcript prediction in trGEN database [25] [26] . The results show that 449 3'-ESTs have matches in trEST or trGEN under Evalue cutoff of 1.0e-15, and 466 3'-ESTs still cannot find significant matches in these databases.
Based on the definition described in method (section 2.7), we found 173 out of those 449 matched 3'-ESTs belong to known transcripts, while 224, 21 and 81 3'-ESTs belong to "3'-end shortened transcript", "3'-end extended transcript", and "other alternative transcript" respectively.
Of those 915 genome-unmapped 3'-ESTs, only 173 were related to the predicted known transcripts while 742 (742/915=81%) were unrelated as "novel".
We also analyzed those filtered sequences. We set a higher than 95% of the maximum score as a tolerable cut-off for the analysis. There are a total of 1,455 loci mapped by 157 3'-ESTs with the scores between 95% and 99.5%. Using 99.5% of maximum match score as cutoff, we found only 231 loci in the genome for those 157 3'-ESTs. The classification for those mapped loci
shows that 933 mapped to the intergenic region, and 522 mapped to the intragenic region of which 319 mapped to antisense orientation. For the 203 mapped to the sense orientation, only 25 mapped to known exon, and the rest mapped to intronic, and various regions in the mapped genes. Those mapping results show that there are more novel transcribed loci detected by those sequences although their precise loci cannot be assigned precisely due to the multiple mapping.
Identification of the mismatched bases between the SAGE tag part of 3' ESTs and the mapped genomic sequences
All SAGE tags used for the experiment map only to the X chromosome. However, the majority of isolated 3' ESTs are the transcripts originated from non-X chromosomes. Using the 2,417 3'
ESTs that map to single loci in the genome, we compared the 14-bp SAGE tag sequences of these 3' ESTs and their mapped genomic sequences. Interestingly, we observed widely spread mismatches / gaps between these 14-bp counterpart sequences (Table 4) . Overall, 98% of the mappings contain mismatches / gaps; mismatches account for 76% and gaps account for 24%.
The numbers of mismatched/gapped bases are predominated by the 1-and 2-bases that are located in the middle of the SAGE tag sequences. Because the 14-bp SAGE tag sequences are from the synthesized sense primer, the mismatches/gaps between the 14-bp of the isolated 3'
ESTs and the genomic sequences cannot be related to the issue of fidelity for the PCR amplification and DNA sequencing reaction. Therefore, these transcripts must have been isolated by the SAGE tags through mis-priming.
Tags from non-transcribed genomic sequences provide poor amplification
To investigate if genomic sequence-based primers could also result in the amplification as seen in the SAGE tag-based primers, we used the non-transcribed genomic DNA sequences in the human X chromosome as the primers for the reaction (Supplementary table 2 The PCR approach is very sensitive at detecting the low abundance transcripts, but the required sequence information for two-primer design restricts its use in detecting only the known transcripts. Random primer has been applied successfully for large-scale EST isolation, but it mainly detects the middle region of the targeted transcript population without the 5' or 3' end sequence information [31] . In this study, we used the PCR-based GLGI technique for the detection that requires only one primer (a SAGE tag) to generate 3' ESTs. The observed mispriming between a SAGE tag and multiple transcripts makes it possible for pan-genome detection of low abundance transcripts. Most of the sequences, except for a few cases, were detected in both RNA samples with similar size distribution. Supplementary table 2) , and random primers. Placenta and brain samples were used as the templates. The last lanes of the two gels marked by "SAGE tag" were the amplicons from random primers, the last lanes of the two gels marked by "Genomic tag" were the positive control using the SAGE tag primer (no. A.
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